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Scalar fields have been used as candidates for dark matter in the universe, from axions with masses
∼ 10−5eV until ultra-light scalar fields with masses ∼ 10−22eV. Axions behave as cold dark matter
while the ultra-light scalar fields galaxies are Bose-Einstein condensate drops. The ultra-light scalar
fields are also called scalar field dark matter model. In this work we study rotation curves for low
surface brightness spiral galaxies using two scalar field models: the Gross-Pitaevskii Bose-Einstein
condensate in the Thomas-Fermi approximation and a scalar field solution of the Klein-Gordon
equation. We also used the zero disk approximation galaxy model where photometric data is not
considered, only the scalar field dark matter model contribution to rotation curve is taken into
account. From the best-fitting analysis of the galaxy catalog we use, we found the range of values of
the fitting parameters: the length scale and the central density. The worst fitting results (values of
χ2red much greater than 1, on the average) were for the Thomas-Fermi models, i.e., the scalar field
dark matter is better than the Thomas-Fermi approximation model to fit the rotation curves of the
analysed galaxies. To complete our analysis we compute from the fitting parameters the mass of
the scalar field models and two astrophysical quantities of interest, the dynamical dark matter mass
within 300 pc and the characteristic central surface density of the dark matter models. We found
that the value of the central mass within 300 pc is in agreement with previous reported results, that
this mass is ≈ 107 M/pc2, independent of the dark matter model. And, on the contrary, the value
of the characteristic central surface density do depend on the dark matter model.
I. INTRODUCTION
When anisotropies were discovered in the cosmic mi-
crowave background (CMB) by the Cosmic Background
Explorer (COBE) satellite a standard model for the
universe was almost stablished. Planck Mission is the
third generation space mission, following COBE and the
Wilkinson Microwave Anisotropy Probe (WMAP), that
measured the CMB anisotropies. Planck collaboration
updated the values for the cosmological parameters, tem-
perature and polarization anisotropies of the CMB radia-
tion, showing that these observations are consistent with
the standard spatially-flat six-parameters model of the
universe: cosmological constant (Λ) and cold dark mat-
ter (CDM), the so called ΛCDM cosmology[1].
With the study of the rotation curve (RC) of spiral
galaxies [2], the existence of dark matter is gained obser-
vational support, giving rise to several models to study
this “extra” component of matter, not visible, that mod-
ifies the Keplerian curve, see for example [2–4]. This
“extra” matter component known as dark matter (DM)
is the difference between the mass of the galaxy predicted
by its luminosity and its mass predicted by the rotation
velocities of the stars and gas. The study of RC gives
one of the strongest evidences that spiral galaxies are
embedded in extended halos of DM.
When the evolution of the universe is studied with
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more detail, several models have been proposed to ex-
plain this evolution. It turns out that the most accepted
model in cosmology is the ΛCDM, which uses the con-
cept of CDM, a kind of non baryonic and non relativistic
particle at the decoupling epoch. However, it has several
problems at galactic scales and less. This is the reason
why a great amount of models have arisen as alternative
models to explain the DM of galaxies. One of them is
the scalar field dark matter model, determined by a fun-
damental scalar field ϕ [5], with a minimal coupling with
the metric, or a scalar field coupled non minimally with
the metric that have been used to study large scale struc-
ture formation [6] or galactic dynamics [7–9]. Recently,
numerical simulations of large scale structure formation
using a scalar field dark matter has given a strong sup-
port to these kind of dark matter models at galactic scales
[10].
Scalar field based dark matter models come in different
flavours depending on their equations of motion [5, 6, 11–
14]. In this work we want to test two proposals using a
fitting analysis of the rotation curves of LSB galaxies
(dark matter dominated galaxies, ideal objects to test
different dark matter models). In particular, in this pa-
per we are going to study three scalar field based models
to explain DM: a Gross-Pitaevskii Bose-Einstein conden-
sate in the Thomas-Fermi approximation (TF), with [15]
and without [16] cut at a characteristic radial distance,
and a scalar field solution of the Klein-Gordon equation,
that we simply refer to as scalar field dark matter model
(SFDM) [17]. The TF models have problems to fit the
RC because the mass density profile may take negative
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2values beyond the characteristic radial distance when we
do not use a cut in the density. This problem does not
appear in the SFDM model where the density profile is
always positive. The fitting analysis will test the models
and provide the parameters that characterize the dark
matter model density profiles, one of them is the mass
of the scalar field. In order to do so, this work is or-
ganized as follows. In section II we briefly explain the
two scalar field models and the different approaches to
be compared, the Thomas-Fermi approximation and the
scalar field dark matter. In section III we make the com-
parison between the TF and SFDM models and we find
the best fitting parameters using a LSB galaxy RC cat-
alog. In section IV we give our conclusions of this com-
parison.
II. THE SCALAR FIELD MODELS
For the SFDM model we use the density profile as given
by [17]
ρSFDM (r) = ρs
sin2(r/rs)
(r/rs)2
. (1)
known as the flat oscillaton. This corresponds to the
static solution of the corresponding Klein-Gordon equa-
tion with a quadratic potential for the scalar field ϕ,
V (ϕ) = m2ϕϕ
2/2, mϕ is the scalar field mass and is given
by the inverse of rs through the Compton relationship
rs = ~c/mϕ, ~ is the Planck’s constant and c the speed
of light. See Ref. [17] for details.
The corresponding rotation velocity is
V 2SFDM (r) = −
ρs
4
r2s
(
−2 + rs
r
sin(2r/rs)
r/rs
)
. (2)
The other SF model we want to consider is the scalar
field that satisfies the Gross-Pitaevskii and Poisson equa-
tions. These two equations have, in the Thomas-Fermi
approximation, the solution [18]
ρTF (r) = ρs
sin(kr)
kr
, (3)
where ρs is the central density of the condensate, ρs =
ρ(0). The total mass of the galactic dark matter halo is
MTF (r) =
4piρr
k2
(1− kr cot(kr)) . (4)
This expression has a relevant significance only when the
mass distribution is inside of a boundary surface with ra-
dius R (Thomas-Fermi approximation with a cut), where
ρ(R) = 0 and then kR = pi
R = pi
√
~2a
Gm3ψ
, (5)
where G is the Newton gravitational constant and a and
mψ are the scattering length and the mass of the scalar
field particle, respectively. This expression fix the radius
of the condensate dark matter halo. We follow [18] and
chose a = 1 fm. Hence, the tangential velocity is
V 2TF (r) =
4GρsR
2
pi
[
sin (pir/R)
pir/R
− cos
(pir
R
)]
, (6)
for r > R the rotation curves follow the standard Keple-
rian law.
If we considered that the previous results are valid even
outside of the boundary surface (Thomas-Fermi approxi-
mation without a cut [16]), we have two scalar field mod-
els in the TF approximation. In this case we will have
that equation (6) is without constriction.
Therefore, for spherical symmetry, our SF galaxy
model will be as follows. A test particle will move under
the action of the potential ΦDM (r) which is the potential
due to a DM mass distribution, where
ΦDM (r) =

ΦTF =
{
with cut
without cut
ΦSFDM
(7)
The potential of the SF, ΦDM (r) is the solution
the corresponding Klein-Gordon equation for the SFDM
model [17] or it is the solution for Gross-Pitaevskii and
Poisson equations in the Thomas-Fermi approximation
[18].
The rotational velocities as given in Eqs. (2) and (6)
(with and without a cut) were obtained using
V 2 = r
∣∣∣∣dΦDMdr
∣∣∣∣ . (8)
III. RESULTS
In this section we perform the comparison among mod-
els in Eq. (7) that give the theoretical RC that we test
against observed RC by a fitting analysis.
We are using a high resolution LSB galaxies catalog re-
ported in [19]. LSB galaxies are the ideal objects to test
the distribution of dark matter in galaxies and to com-
pare different dark matter models. The authors in Ref.
[19] considered the visible data contribution for classify-
ing the galaxies according to availability of photometric
data and use three models: zero disk model, where the
dark matter is the main component in the halos, making
zero all the visible components of the galaxies; galaxies
with photometry with a constant ratio M/L∗ and the
maximum disk model. In our case only galaxies without
photometry data are considered [20] and we will use the
zero disk model.
Therefore in this work we use only the zero disk model
where the velocity contributions from baryons are ig-
nored, they are test particles, and the total RC has only
the contribution of the dark matter models. Accordingly
3we consider only galaxies classified as without photomet-
ric data in Ref. [19]. These galaxies belong to the sam-
ple for which an optical rotation curve was possible to
measure but there were no optical nor H I photometry,
implying that mass models for the stars or gas were not
possible to build.
We perform a minimum χ2 analysis to fit the obser-
vations with χ2 =
∑
i=1
(
Vi−V (ri)
σi
)2
, where Vi is the
observed velocity, σi is the error in the measurement of
Vi and V (ri) is the theoretical value of the velocity, which
is computed at the same position where Vi was measured.
For V (ri) we will use each one of the models in Eq. (7).
We use units where the length is in kpc, the velocity in
km/s and G = 1. The free parameters to fit are the fol-
lowing: for the SFDM model, the RC equation is given
by Eq. (2), it has two parameters, ρs and rs; for the TF
models the RC is given by Eq. (6) then it has also two
parameters, ρs and R. In the fitting analysis we impose
that all these parameters are always positive and without
an upper limit. To complete the data analysis we com-
pute the errors in the fitting parameters and the Q-value
that gives us the goodness of fit [21].
In Fig. (1) we show the comparison between the ob-
served RC and the theoretical RC as given by fitting each
of the DM models for the galaxies without photometry.
The left column show the TF model without cut, the
middle column the TF model with cut and the right col-
umn SFDM flat oscillaton model. It is very clear that the
TF approximation without cut is the worst case, as can
be seen, for instance, for galaxies ESO 0140040 and UGC
11748 whereas the best fitting results were obtained for
flat oscillaton model as can be see in the column on the
right. This is confirmed in Tables I–III (see below) in
columns (9) where are shown the Q-values, for the TF
without cut model they are very small or zero for a lot
of galaxies.
Table I shows the best fitting parameters for galax-
ies without photometry for the scalar field dark matter
model in the TF approximation without cut, using Eq.
(6). Fitting parameters are shown in columns (2) and
(3). From column (3) and using Eq. (5) (we have cho-
sen a = 1 fm according to Ref. [18]) we obtain column
(4), the mass of the scalar field particle, its values are
in the range of 9.86 meV < mψ < 51.11 meV, consis-
tent with the upper limit mψ < 1.87 eV computed from
cosmological considerations [22]. Fitting parameters are
consistent with values found in Ref. [16] except for galax-
ies, UGC 11616, UGC 11748 and UGC 11819, due to that
in Ref. [16] some measured values are missing. This DM
model has the problem that density can take negative
values and so the rotation velocity (leading to instabil-
ities) as can be noticed clearly in Fig. (1) left column,
galaxies ESO 0140040 and UGC 11748. In column (5)
we show the characteristic surface density, µDM = ρsrc,
rc is the radius at which the density has decayed to a
half of the central density value, ρs. Its mean value is,
225.7 M/pc2. In column (6) it is shown the dynamical
mass of the dark matter up to 300 pc. Its mean value
is 0.6 × 107 M in agreement with the value found for
dSph Milky Way satellites [23]. And in column (7) we
show the total mass of this DM model.
We make the same analysis for Table II which present
the results for the TF approximation with a cut. The
scalar field mass is in the range, 10.43 meV < mψ < 51.11
meV, almost the same as the TF without a cut. The
mean value of the characteristic surface density is 244.4
M/pc2 and the mean value of the mass within 300 pc
is 0.7 × 107 M.
For the SFDM model we can compute the same statis-
tical information as was presented above, the results are
shown in Table III. In this case the characteristic sur-
face density is µDM = ρsrs, rs is the scale radius and
ρs is the central density value of the flat oscillaton. Its
mean value is 186.7 M/pc2. The DM mass within 300
pc mean value is 0.9× 107 M that is also in agreement
with the result found in Ref. [23]. The range of the oscil-
laton mass is 1×10−27 eV < mϕ < 10.45×10−27 eV. The
mass of the flat oscillaton was computed using the Comp-
ton wave length relationship [17], rs shown in column (3)
of Table III. This range of values for the flat oscillaton
rule out this model according to the results presented in
Refs. [11, 14].
In column (7) of Tables I–III we show the estimated
values of the DM models total mass. Their mean values
are: for the TF model without cut, 6.4×1010 M, for the
TF model with a cut, 4.7× 1010 M and 6.5× 1010 M
for the oscillaton model. All these value are very similar
and are consistent for the values of LSB galaxies.
IV. CONCLUSIONS
In this paper we have analysed three scalar field DM
models using a RC LSB galaxies catalog reported in
[19]. We found a better χ2red and Q-values when using
the SFDM model versus TF models. TF approximation
without cut presents problems to fit the RC because the
profile density function, sin kr/kr, has a strong decay
when R has the smallest values, giving negative values for
the mass density, leading to instabilities of the circular
orbits. In general TF approximation with and without a
cut has problems to fit the observational data.
For each model and for each galaxy in the catalog we
computed two important quantities, the surface density
µDM and the mass within 300 pc, MDM (300 pc) for the
DM haloes. The values we obtained are roughly con-
stant and independent of the absolute magnitude of the
galaxies as was also found in Ref. [24]. The mean value
for MDM (300 pc) is consistent with the common mass
for dwarf spheroidal galaxies of the order of 107 M re-
ported in [23] and independent of the DM model. On the
contrary, the mean values of µDM do depend of the DM
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Figure 1. LSB galaxies fit with the zero disk and the scalar field models, Eq. (7). Black solid circles are the observed RC. The
blue line is the theoretical RC obtained by the fitting method.
5Galaxy sample
Thomas-Fermi DM Model
Best Fitting Parameters
Galaxy ρs R mψ µDM MDM (300 pc) MDM (rmax) χ
2
red Q-value
(10−3M/pc3) (kpc) (meV) (M/pc2) (107M) (1011M)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
ESO 0140040 61.71±4.98 17.84±0.37 9.86 664.20 0.70 5.25 4.15 0.0004
ESO 0840411 4.69±1.35 11.82±3.61 12.98 33.43 0.05 0.08 0.10 0.9982
ESO 1200211 13.66±3.84 2.92±0.41 32.95 24.07 0.15 0.003 0.44 0.9476
ESO 1870510 32.55±7.35 2.93±0.38 32.85 57.63 0.36 0.01 0.21 0.9932
ESO 2060140 32.78±2.67 9.54±0.29 14.97 188.69 0.37 0.23 8.43 0.
ESO 3020120 22.74±4.70 8.86±0.60 15.73 121.50 0.26 0.10 0.92 0.5046
ESO 3050090 21.50±6.61 4.81±0.99 23.62 62.43 0.24 0.03 0.10 1.000
ESO 4250180 13.53±4.44 15.63±4.21 10.77 127.58 0.15 0.65 0.33 0.9237
ESO 4880049 54.29±9.05 5.36±0.45 21.98 175.72 0.61 0.09 0.80 0.6176
F730 V1 41.37±4.02 10.31±0.41 14.22 257.24 0.47 0.47 11.62 0.
UGC 4115 142.22±45.79 1.53±0.82 50.77 131.09 1.55 0.004 0.007 1.000
UGC 11454 41.69±2.22 10.43±0.24 14.11 262.25 0.47 0.51 12.91 0.
UGC 11557 14.18±4.10 9.39±4.12 15.13 80.34 0.16 0.09 0.08 0.9997
UGC 11583 89.60±28.62 1.51±0.29 51.11 81.77 0.97 0.004 0.07 0.9998
UGC 11616 58.13±3.76 7.83±0.24 17.08 274.51 0.66 0.23 10.09 0.
UGC 11648 25.90±1.31 11.56±0.27 13.17 180.59 0.29 0.47 15.63 0.
UGC 11748 228.42±5.52 7.67±0.01 17.32 1056.49 2.58 2.96 58.47 0.
UGC 11819 48.62±2.84 9.63±0.33 14.88 282.48 0.55 0.39 2.11 0.0109
Table I. We show the fitting parameters, derived quantities (see text for details) and the χ2red and Q-value for galaxies without
photometry, for the Thomas-Fermi model without cut. Column (1) is the name of the galaxy; columns (2) and (3) give the
fitting parameters; columns (4)–(7) give derived quantities and columns (8) and (9) give the χ2red and Q-value, respectively.
6Galaxy sample
Thomas-Fermi with Cut DM Model
Best Fitting Parameters
Galaxy ρs R mψ µDM MDM (300 pc) MDM (rmax) χ
2
red Q-value
(10−3M/pc3) (kpc) (meV) (M/pc2) (107M) (1011M)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
ESO 0140040 64.38±4.22 16.40±0.18 10.43 637.04 0.73 3.62 3.87 0.0007
ESO 0840411 4.69±1.35 11.82±3.61 12.98 33.43 0.05 0.08 0.10 0.9982
ESO 1200211 19.57±4.08 2.29±0.06 38.77 27.03 0.22 0.003 0.29 0.9913
ESO 1870510 32.82±7.28 2.91±0.37 33.01 57.70 0.37 0.01 0.21 0.9935
ESO 2060140 63.56±3.97 6.78±0.04 18.80 259.98 0.72 0.25 3.83 3.3× 10−6
ESO 3020120 29.46±5.25 7.24±0.16 18.00 128.65 0.33 0.14 0.42 0.9245
ESO 3050090 21.50±6.61 4.81±0.99 23.62 62.43 0.24 0.03 0.10 1.000
ESO 4250180 13.53±4.44 15.63±4.21 10.77 127.58 0.15 0.65 0.33 0.9237
ESO 4880049 54.90±8.95 5.33±0.43 22.08 176.44 0.62 0.11 0.78 0.6356
F730 V1 66.70±6.19 7.58±0.1 17.45 305.14 0.75 0.37 9.01 7.2× 10−10
UGC 4115 142.22±45.79 1.53±0.82 50.77 131.09 1.55 0.004 0.007 1.000
UGC 11454 47.99±2.00 9.47±0.12 15.05 274.12 0.54 0.52 10.91 0.
UGC 11557 14.18±4.10 9.39±4.12 15.13 80.34 0.16 0.09 0.08 0.9997
UGC 11583 89.60±28.62 1.51±0.29 51.11 81.77 0.97 0.004 0.07 0.9998
UGC 11616 86.20±4.68 6.13±0.07 20.11 318.68 0.97 0.25 5.29 2.1× 10−8
UGC 11648 28.09±1.22 10.96±0.18 13.65 185.74 0.32 0.47 15.03 0.
UGC 11748 264.30±6.15 7.69±0.01 17.29 1225.92 2.98 1.53 24.22 0.
UGC 11819 52.90±2.62 8.98±0.19 15.59 286.44 0.60 0.49 1.19 0.2789
Table II. We show the fitting parameters, derived quantities, the χ2red and the Q-value for the LSB galaxies for the Thomas-Fermi
model with cut. The meaning of columns is the same as in Table I.
model, 225.7 and 244.4 M/pc2 for TF models versus 186.7 M/pc2 for the flat oscillaton.
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Flat Oscillaton DM Model
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(10−3M/pc3) (kpc) (10−27 eV) (M/pc2) (107M) (1011M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(1) ESO 0140040 68.95±6.67 6.39±0.35 1.00 440.40 0.78 5.28 3.14 0.005
(2) ESO 0840411 4.78±1.47 5.03±1.70 1.27 24.05 0.05 0.08 0.09 1.0
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(7) ESO 3050090 22.41±7.53 1.98±0.49 3.23 44.45 0.25 0.03 0.09 1.0
(8) ESO 4250180 14.90±6.45 6.19±2.15 1.03 92.27 0.17 0.65 0.28 0.95
(9) ESO 4880049 61.12±12.50 2.09±0.24 3.07 127.48 0.69 0.11 0.56 0.83
(10) F730 V1 126.25±22.69 2.20±0.19 2.91 277.74 1.42 0.51 3.03 0.006
(11) UGC 4115 143.25±48.08 0.66±0.38 9.63 95.15 1.56 0.004 0.007 1.0
(12) UGC 11454 53.91±4.61 3.68±0.17 1.74 198.11 0.61 0.53 8.48 0.
(13) UGC 11557 14.36±4.39 4.05±1.91 1.58 58.10 0.16 0.09 0.07 1.0
(14) UGC 11583 95.54±35.59 0.61±0.15 10.45 58.49 1.03 0.004 0.06 1.0
(15) UGC 11616 101.60±13.32 2.31±0.16 2.77 234.48 1.15 0.30 3.46 0.0001
(16) UGC 11648 31.12±2.06 4.27±0.16 1.50 132.94 0.35 0.48 13.14 0.
(17) UGC 11748 514.54±55.02 1.97±0.11 3.25 1012.67 5.79 2.60 2.19 0.004
(18) UGC 11819 56.70±4.49 3.59±0.19 1.78 203.35 0.64 0.52 0.76 0.71
Table III. In this table we show the fitting parameters, derived quantities, the χ2red and the Q-value for the analysed LSB
galaxies for the flat oscillaton DM model.
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